We estimate the tsunami source area of the 2003 Tokachi-oki earthquake (Mw 8.0) from observed tsunami travel times at 17 Japanese tide gauge stations. The estimated tsunami source area (∼1.4 × 10 4 km 2 ) coincides with the western-half of the ocean-bottom deformation area (∼2.52 × 10 4 km 2 ) of the 1952 Tokachi-oki earthquake (Mw 8.1), previously inferred from tsunami waveform inversion. This suggests that the 2003 event ruptured only the western-half of the 1952 rupture extent. Geographical distribution of the maximum tsunami heights in 2003 differs significantly from that of the 1952 tsunami, supporting this hypothesis. Analysis of first-peak tsunami travel times indicates that a major uplift of the ocean-bottom occurred approximately 30 km to the NNW of the mainshock epicenter, just above a major asperity inferred from seismic waveform inversion.
Introduction
A large inter-plate earthquake occurred on September 26, 2003 (Japanese Standard Time; JST) at the southwestern end of the Kuril Trench offshore Hokkaido, Japan. The Japan Meteorological Agency (JMA) named this earthquake "the 2003 Tokachi-oki earthquake". This earthquake occurred in the same region as the 1952 Tokachi-oki earthquake (Mw 8.1). Hypocentral parameters of the 2003 Tokachi-oki earthquake determined by JMA are as follows: origin time = 4:50:07.5 sec (JST); lat. = 41
• 46.7 N; long. = 144 • 04.7 E; depth = 42 km; M J 8.0, where M J is the JMA magnitude scale. Maximum seismic intensity of "6 minus" on the new JMA scale (corresponding to IX on the modified Mercalli scale) was observed in the Tokachi Plain, Hokkaido. The earthquake generated a tsunami that caused damage along the Hokkaido coast. JMA issued the first tsunami warning for the Pacific coast of the Hokkaido and northern Honshu 6 minutes after the mainshock. Yamanaka and Kikuchi (2003) , using the well-established body-wave inversion (Kikuchi and Kanamori, 2003) , have estimated the slip distribution of the 2003 Tokachi-oki earthquake from teleseismic records and of the 1952 event from nearby strong-ground motion records. They have suggested that the 2003 event has only one major asperity and that it coincides with at least one of the 1952 asperities. As they note, their results for the 1952 event represent only the initial rupture stage, rather than the total source process, because the 1952 strong-motion records went off-scale soon Copy right c The Society of Geomagnetism and Earth, Planetary and Space Sciences (SGEPSS); The Seismological Society of Japan; The Volcanological Society of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sciences; TERRA-PUB.
after the S-wave arrivals. On the other hand, tsunami waveform inversion by Hirata et al. (2003) have indicated that the 1952 event had two large slip regions. One of them seems to be located in the same region as the 2003 asperity estimated by Yamanaka and Kikuchi (2003) , and the other is located further east, offshore Kushiro.
To evaluate relationship between the 1952 and 2003 earthquakes from the viewpoint of tsunamis, we collected tide gauge records on the coasts of the northern Japan and estimate the 2003 tsunami source area from the observed tsunami travel times. Then, we compare the 2003 and 1952 tsunami source areas. Such a comparison is one of keys to determine whether the 2003 earthquake was a repeat of the 1952 earthquake.
Tide Gauge Records and Tsunami Travel Times
We collected tide gauge records from stations located on the Pacific coasts in Hokkaido and northern Honshu, Japan, as shown in Fig. 1 . These records are provided by JMA, the Hokkaido Regional Development Bureau (HRDB) of the Ministry of Land, Infrastructure and Transport, and the Hydrographic and Oceanographic Department (HOD) of the Japan Coast Guard. JMA, HRDB, and HOD tide gauge records are recorded digitally and are sampled at 1-minute (JMA and HRDB) and at 30-seconds (HOD). Most of the these tide gauge records show that the tsunami first motion was upward, suggesting uplift of the seafloor in the 2003 tsunami source area (Fig. 1) .
We pick onset times (red triangles in Fig. 1 ) of first tsunami waves and times when the tsunami reaches the first peak (green triangles), and list them in Table 1 . We call the latter the first-peak time. Errors in picking these tsunami ar- rivals seem to be within a few minutes on average. Tide gauge records from Yoshioka (#13), Tappi (#14), Ominato (#15), Onahama (#22), Choshi (#23), and Mera (#24) show small tsunami amplitudes less than 0.2 m (very low S/N ratios) in their first cycles ( Fig. 1) , making first arrival picks difficult. We decide not to use these six records. The amplitude of the first tsunami arrival at Nemuro (#1) is small but easily visible because the background level before the first arrival is also relatively small. The initial 30-minutes signal of the tide gauge record at Akkeshi (#4) is complicated; possible strong ground shaking due to the earthquake may have produced a secondary water disturbance within the Akkeshi Bay, which makes picking of the onset somewhat inaccurate. The earliest tsunami arrival (4 minutes) was observed at Shoya (#7). The tsunami rose quickly there and the tide gauge record went off scale soon. The first-peak time at Shoya, therefore, is unknown. The tide gauge record at Tokachikou (#6) shows that the amplitude of the first tsunami peak increased past the limits of the data-transmission system from twenty to thirty minutes after the tsunami onset. Fortunately, staff at the HRDB branch who were wakened by the earthquake came to their office very early in the morning and hand wrote tsunami heights at one minute intervals by watching a real-time tsunami height indicator which has an independent data-transmission system (broken line in Fig. 1 ). Therefore, we can reconstruct the complete tsunami waveform at Tokachikou. Tide gauge records at Muroran (#10) and Hakodate (#12) show apparent long-period component that is probably caused by eigen-oscillations of seawater, such as a seiche, within the port or bay. Tsunami arrival times picked at the two stations may be less accurate. Hatori (1973) . Black lines represent the imaginary back-going wave fronts with the observed onset times from tide gauge stations listed in Table 1 . Numerals within parentheses beside station names indicate the observed onset times in minutes. The deformation pattern of the ocean-bottom calculated from slip distribution of the 1952 event is shown by red (uplift) and blue (subsidence) counters. A yellow star represents the epicenter of the 2003 event. 
The 2003 Tsunami Source Area
We estimate the tsunami source area of the 2003 Tokachioki earthquake from the tsunami arrival (onset) times at 12 tide gauge stations (#1 to #12) in Hokkaido and 5 (#16 to #21) in northern Honshu. An imaginary wave front to a given tide gauge station can be traced backwards from the station to a possible tsunami source area with the observed travel time over a distance equal to ct where c is a long-wave velocity (gh) 1/2 (g = gravitational acceleration, h = water depth), and t is the travel time of tsunami. We calculate the imaginary back-going wave front from a given tide gauge station using bathymetry provided by HOD. The grid size of the bathymetric database is 10 arc-seconds. Figure 2 shows the tsunami source area of the 2003 Tokachi-oki earthquake estimated by using this technique (thick red line). The area size is estimated to be approximately 1.4 × 10 4 km 2 . The 2003 tsunami source area is well defined from the onset times of almost all the tide gauge stations except for a few stations. The estimated tsunami source area is not well constrained on its northwestern side (about 80-km-long) because no tide gauge station is located between Kushiro (#5) and Tokachikou (#6). Also, a small segment (about 30-km-long) of its southeastern side is not well constrained. To constrain the southeastern side, Russian tide gauge records in the Kuril Islands would be useful, yet we do not have those. As we mentioned in the previous section, estimation of the observed onset time (first arrival time) for Akkeshi (#4) is somewhat inaccurate. However, the location of the imaginary back-going wave front from Akkeshi is probably not greatly affected by the inaccuracy. Bathymetry in the Akkeshi Bay (mostly <20 m depth) and within approximately 10 km offshore of the bay (<100 m depth) is shallow enough to restrict the tsunami wave front near the coast (see Fig. 2 ). Even if we misread the observed travel time for Akkeshi 10 minutes earlier, the location of the imaginary wave front only moves approximately 13 km trenchward. The onset signal at Nemuro (#1) is small but visible enough to well define the eastern boundary of the estimated tsunami source, in addition to the arrival at Kiritappu (#3). The imaginary back-going wave fronts from Hanasaki (#2) and Miyako (#18) do not reach any edge of the estimated tsunami source. In other words, the observed travel times from these two stations are early by a few minutes. Shallow bathymetry around these tide gauge stations might include a systematic error in water depth. In contrast, the observed travel times from Muroran (#10) and Hakodate (#12) are somewhat late. We discuss the observed travel times from Muroran and Hakodate below. The 2003 tsunami source area estimated in this paper nearly coincides with the 1952 tsunami source area estimated by Hatori (1973) , although it should be noted that, as Hatori (1973) mentioned in his article, his tsunami source area is not constrained on a vast segment (about 100-km-long) of its southeastern-side (trenchward) boundary from any of the available tide gauge records. Hirata et al. (2003) indicated from tsunami waveform inversion of the 1952 Tokachi-oki earthquake that the deformation area (∼2.52 × 10 4 km 2 ) also extended to the east (trenchward) in the deep seafloor of Hatori's (1973) tsunami source area (∼8.8 × 10 3 km 2 ). From the present analysis, the 2003 tsunami source area only covers the western half of the 1952 tsunami source area. This means that the eastern half of the region ruptured by the 1952 Tokachi-oki earthquake may remain unbroken. Tanioka et al. (2004a) , who inverted the observed tide gauge records to estimate the slip distribution of the 2003 event, also support this hypothesis.
Next we calculate the imaginary back-going wave fronts from the observed first-peak times listed in Table 1 . Figure 3 shows the results. Excluding Shoya (#4) where the first tsunami scaled out soon after the onset, the imaginary backgoing wave fronts from 12 tide gauge stations converge into a circular region, A, with a diameter of about 40 km (thick red circle). Region A is located approximately 30 km to the NNW of the mainshock epicenter (Fig. 3) and just above the main asperity of the 2003 earthquake estimated by Yamanaka and . We attribute region A as the major uplift center of the seafloor due to the 2003 event.
On the other hand, the imaginary back-going wave fronts with the observed first-peak times from Urakawa (#8) and Morikou (#11) do not reach region A, but both intersect at a region, named B (broken, red circle in Fig. 3) . A minor uplift of the seafloor possibly occurred at region B during the 2003 event. If this is the case, the imaginary back-going fronts with the observed first-peak times from Muroran (#10) and Hakodate (#12) may also reach region B, because the two tide gauge stations are located to the west of the 2003 tsunami source area, as are Urakawa (#8) and Morikou (#11). The imaginary back-going wave fronts from Muroran (#10) and Hakodate (#12), however, pass by region B, even by region A, and reach near the Tokachi coast (Fig. 3) . This is very enigmatic. We suspect that we could not correctly read the first-peak times for Muroran (#10) and Hakodate (Central Meteorological Agency, 1953; Tanioka et al., 2004b) . Solid and open circles are the observed maximum tsunami heights in 1952 and 2003, respectively. Blue and red lines are computed tsunami heights from Kasahara's (1975) and Hirata et al.'s (2003) fault models, respectively (modified from .
(#12), because of long-period components, possibly due to an eigen-oscillation such as a seiche within the port or bay.
The long-period component may mask the onset times at Muroran and Hakodate. Otherwise, Region B might be an "apparent" or Huygens' source from a possible diffraction at Cape Erimo. To clarify whether the region B indicates a minor uplift or diffraction source at Cape Erimo, a detailed hydrodynamic modeling would be needed (c.f., Tanioka et al., 2004b) .
Discussion and Conclusion
In the previous section, we have shown by comparing tsunami source areas that the rupture extent of the 2003 Tokachi-oki earthquake is probably restricted within the western half of the 1952 rupture extent. In the eastern-half of the 1952 rupture, a large amount (nearly 8 m at maximum) of slip was estimated . According to the tsunami site survey in 1952, maximum tsunami heights were concentrated locally between Kushiro (#5) and Kiritappu (#3). The observed maximum tsunami heights along this section were greater than 4 m and about 7 m at Senposhi (Central Meteorological Observatory, 1953) . Tsunami heights at other places were less than 2 m (Central Meteorological Observatory, 1953). Hirata et al. (2003) investigated why such a strong tsunami concentration appeared locally between Kushiro and Kiritappu in 1952, by comparing the observed maximum tsunami heights and predicted ones from two different fault models: Kasahara (1975) and Hirata et al. (2003) . Briefly, Kasahara's (1975) model is applicable for only the western-half of the 1952 rupture, whereas Hirata et al.'s (2003) model, derived from tsunami waveform inversion, includes both the western-half and the eastern-half rupture that includes a high slip region. Their result is shown in Fig. 4 and suggests that the locally large tsunami concentration is well explained by a large amount of slip in the eastern-half (trenchward) of the 1952 rupture.
The 2003 tsunami seems to show a geographical distri- bution of the maximum tsunami heights that differ significantly from the distribution of the 1952 tsunami (Tanioka et al., 2004b) . In 2003, the maximum tsunami heights of approximately 4 m were observed around Cape Erimo and Bansei-onsen (Fig. 4) , and decreased gradually to the east (Tanioka et al., 2004b) . The observed maximum tsunami heights between Kushiro and Kiritappu in 2003 seem to be less than 2 m (Tanioka et al., 2004b) . Therefore, the difference in the geographical distribution of the observed maximum tsunami heights between the 1952 and 2003 tsunamis support the idea that the 2003 earthquake ruptured only the western-half of the 1952 rupture. It is also interesting that the Kasahara's (1975) Choshi is located far from the tsunami source areas so that it is difficult to resolve the similarity or difference between 1952 and 2003. In general, a port configuration including breakwaters is sometimes developed, which probably affect tide gauge records. Therefore, it is difficult to discuss the rupture extent relationship between 1952 and 2003 from a simple tsunami waveform comparison as in Fig. 5 . A more detailed examination will be needed.
Finally, a few points are worth mentioning. The first point is that, in Hirata et al. (2003) , Kushiro is the only tide gauge station that is located to the north of the 1952 tsunami source. The second is that they used a bathymetric grid size of 1 arc-minute. These points might have limited the accuracy of the inversion of the slip distribution in 1952 by Hirata et al. (2003) . Further detailed investigations for both the 1952 and 2003 Tokachi-oki earthquakes and tsunamis is required to evaluate more precisely relationship between 1952 and 2003 events.
